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Abstract 
In this paper, design of novel capacitive RF microelectromechanical systems (MEMS) shunt switch with butterfly structured 
beam is presented to reduce the actuation voltage. With aluminum nitride (AlN) dielectric layer the RF characteristics of 
designed switch renders the excellent performance over 5GHz to 60 GHz frequency. The reported capacitance ratio of switch 
maximum 125 at 3 um air gap. The realized switch exhibit low actuation voltages, in the range of 3-10 volts, an insertion loss of 
0.5 dB, and return loss of greater than 17dB over operating frequency range 5-60 GHz, and an isolation loss greater than 20 dB 
over operating frequency range 10-60 GHZ. The characterization of proposed switch actuation voltage has been compared with 
straight and meander type supported beams and at a different air gap. Improved isolation loss of aluminium dielectric layered 
based switch has been compared with silicon dioxide (SiO2) and silicon nitride (Si3N4) dielectric layers. The electromechanical 
analysis and electromagnetic analysis simulations ware carried out by 3D MEMS commercial software package, Intellisuite and 
full wave electromagnetic simulator, Ansoft HFSS respectively for designed switches.  
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1. I.INTRODUCTION 
In recent years, radio frequency RF MEMS devices have been growing and gained potential performance in 
commercial and defence communication systems over broad range of frequency. RF MEMS switches are one of the 
most promising applications in micromichining technology, which replace the traditional electromagnetic relays and 
current semiconductor switches, such as GaAs FETs and PiN diode switches. These traditional switches deteriorate 
the RF performance, such as isolation loss, insertion loss, and return loss of systems for signal frequency more than 
1 GHz [Kevin D. Leedy et al. 2007, Jaehong Park et al. 2007].  
The RF MEMS switches with direct metal-to-metal contact to achieve the ohmic contact between two 
electrodes, which having metal contact force, contact resistance, contact stiction problem and high power 
applications degrades the reliability of switch and limiting the upper operating frequency, 40 GHz [Anna Persano et 
al. 2011, M.Walker et al. 2010, M.Sterner et al. 2010, Che-Heung Kim et al. 2012]. To avoid the direct metal-to-
metal contact, the best choice is dielectric layer between two metal electrodes, called as capacitive type switch and 
good application over at higher frequencies. However, the capacitive switch has an alternate to ohmic contact 
switch, which has problem with dielectric charging is the main mechanism responsible for failure and low reliability 
when dielectric layer proximity to the metal, and short circuit problem in CPW line configuration at shunt 
connection below 10 GHz operating frequency. The several researches have been done to mitigate the reliability 
problems of capacitive switches [G.Papaioannou et al. 2007, R.Marcelli et al. 2009, Gabriel M. Rebeiz 2007] 
.Moreover, integrating the RF MEMS switch with microelectronic circuitry requires compatible operating voltage, 
4-15 V [Jin, Yalin et al. 2007].  
This paper presents butterfly structured beam capacitive RF MEMS shunt switch in a coplanar waveguide 
configuration, and straight and meander wing supported beam switches ware designed, and comparison done among 
these switches. The proposed butterfly structured beam switch renders low actuation voltage of 3V with AlN 
dielectric layer [Montserrant et al. 2012, M. Fernandez-Bolanos et al. 2009], instead of SiO2 [Xiaobin Yuan, 
ZhenPeng et al. 2006] and Si3N4 [G.Papaioannou et al. 2009, Samuel Melle et al. 2005] dielectric material. The low 
actuation voltage switch reduces the dielectric charging effects, since parasitic charging directly proportional to 
actuation voltage, hence which employs good reliability of switch. Capacitance ratio of switch is 125 at 3 um air 
gap, and also calculated at 1 um and 2 um air gap. The RF characterization of novel switch was performed over 
frequency range of 5-100 GHz for AlN, SiO2, and Si3N4 at switch down state position, at different dielectric height, 
and with different air gaps at switch up state position. In section-II, explains the capacitive switch operating 
principle and governing equations for designing the capacitive RF MEMS switch. The Design consideration and 
configuration of proposed switches will be described in section-III, and detail discussion of electromechanical and 
electromagnetic analysis of switches will be presented in section III. 
II. Back Ground Theory   
RF MEMS switches are devices that are mechanically opening or shorting the transmission line by means 
of actuation mechanism, electrostatic force which the most prevalent technique in use today due to simple and its 
virtually zero power consumption compare to the other available actuation mechanisms. The modelling of RF 
MEMS switch consists of electromechanical and electromagnetic coupled study. Electromechanical study involves 
the mechanical behaviour that is linear string constant and electrostatic force by means of parallel plate capacitance 
effects.  
 
Figure 1: Simplified fixed-fixed capacitive RF MEMS switch 
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Simple fixed-fixed capacitive switch modelled by two parallel metal electrodes with dielectric layer 
proximity to the bottom fixed metal electrode, top metal electrode fixed at two side, shown in fig.(1), in this section 
top electrode and beam are interchangeable. The linear spring constant (k) of beam can be derived according to the 
Euler-Bernoulli’s beam theory of beam deflection(y) with applied load ( eF ) at top electrode, linear spring constant 
is given below equation (1) [Gabriel M. Rebeiz 2007]. 
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Where E is Young’s modulus, w is the width of beam, t is the thick of beam, l is length of beam, and x is the 
distance where load is applied from anchor. Electrostatic actuation mechanism of switch formed where electrostatic 
force Fe (given in equation (2)) [Gabriel M. Rebeiz 2007] employing by two parallel metal electrodes with bias 
voltage between them, as shown in fig. (1). 
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Where VP is pull-in voltage, εr and td are relative permittivity and thickness of dielectric layer, and A is area of two 
parallel metal electrodes. Equating the mechanical restoring force (kg) with electrostatic force for resulting the pull-
in voltage [Gabriel M. Rebeiz 2007], is given in equation (3). The implementation of RF MEMS switch is in a 
coplanar waveguide (CPW) configuration, shown in fig. (3), since which has surface mount structures attachments 
are simple over microstrip line configuration. Governed symmetrical ungrounded characteristics impedance of CPW 
line is given in equation (3). 
                            
 
 kK
kKZ
eff
'
0
30
H
3                                                                                                                       (3)       
Where εeff is effective dielectric constant, K (K) is elliptical integral of first kind, K’(k) is 1-K. 
III. SWITCH DESIGN 
The proposed capacitive RF MEMS shunt switches are demonstrated in fig 3 & 4, each switch has consist 
of unique fixed-fixed metal beam structure suspended over coplanar waveguide (CPW) line and fixed at both ends 
to anchors (gold), which is above ground conductors of the CPW line. The 50 ohm CPW line configuration are, 
centre conductor (aluminium) width of 150 um, width between centre conductor (aluminium) and ground conductor 
of 50 um, thick of conductor is 2um, these lines are on gallium arsenide (GaAs) substrate, thickness of 60 um. 
 
 
(a)                                                                                 (a) 
Figure 2: Design of capacitive RF MEMS shunt switches, (a) Straight swings beam, (b) Meander swings beam 
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Figure 3: Design of capacitive RF MEMS shunt switch with butterfly structured beam 
Fig. 2(a) illustrate the switch with straight wings beam, which dimension of top electrode beam length, 
width and thickness are 150um*100um*1um and wings length and width of beam are 55 um and 10 um 
respectively. Fig 3 illustrates the switch with meander wings beam, top electrode beam dimensions are same as 
straight wing beam switch, but swings are in meander. illustrate the novel capacitive RF MEMS shunt switch having 
butterfly beam structure, which have dimensions are, upper electrode (elliptical shape at central of butterfly beam) 
of switch length, width, thickness are 150 um, 100 um, and 1 um respectively, and circumstances is 400 um, 
butterfly beam wing length and width are 80 um and 10 um respectively. Dielectric layer is paced above the centre 
conductor for all proposed switches, which are realized separately with silicon dioxide, silicon nitride, and 
aluminum oxide. AlN has god dielectric properties, high thermal conductivity, and non reactive with normal 
semiconductor process chemicals and gases. These switches ware realized gold (Au) as material for beam structure, 
which have moderate mechanical properties and good electrical properties. The mechanical and electrical properties 
of switch elements are shown in table (1).   
 
Table 1: Design parameters of capacitive RF MEMS shunt switches. 
Material Density 
(g/cm3) 
Young’s 
Modulus(GPa) 
Passion 
Ratio 
Relative 
Permitivity 
Aluminium 
Gold 
Gallium arsenide 
Silicon dioxide 
Silicon nitride 
Aluminum nitride 
2.7 
19.3 
5.3 
2.2 
3.1 
3.3 
70 
78 
75 
73 
299 
330 
0.35 
0.44 
0.31 
0.175 
0.27 
0.22 
- 
- 
12.9 
4 
7.5 
9.5 
 
 
IV. RESULTS AND DISCUSSION 
(A) Electromechanical Analysis 
The designed switches ware simulated using thermalelectromechanical analysis module in 3D MEMS software 
tool, Intellisuite. DC actuation voltage difference was applied between CPW line central conductor and fixed-fixed 
beam (top electrode), by which electrostatic force generated that causes pull down the top electrode and collapsed on 
dielectric layer. For electromechanical analysis optimization have been done at dielectric layer, AlN is good choice 
compare to the SiO2 and Si3N4.  Static electromechanical simulation of switches are done with AlN dielectric layer 
at different air gap, these results are tabulated in table (2) and simulated deformed state of switches shown in fig.(4) 
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(a)                                                                                 (a) 
Figure 4: Simulated deformed capacitive RF MEMS shunt switch, (a) Straight swings beam, (b) Meander swings 
beam. 
 
 
Figure 5: Simulated deformed capacitive RF MEMS shunt switch with butterfly structured beam. 
 
Table (2): Actuation voltage of proposed switches at various air gap and capacitance ratio at various air gap. 
 
Air Gap 
 (micro meter) 
Actuation Voltage (volts) 
 
 
Capacitance 
Ratio Straight wing 
beam switch 
Meander wing 
beam switch 
Butterfly structured 
beam switch 
 
1 
2 
3 
 
10 
13 
21 
 
 
8 
10 
16 
 
 
5 
7 
11 
 
44 
85 
125 
 
From table (2), butterfly structured beam switch renders the low actuation voltage of 3 V, 7V, and 12 V at 
air gap of 1 um, 2um, and 3um respectively compared to the other two switches (straight wing beam and meander 
wing beam), since optimization have been done in top electrode, wings of beam structure, and with dielectric layer 
of switch. Moreover low actuation voltage reduces the dielectric charging effect with AlN dielectric layer, hence 
improved the reliability of switch. Straight swing beam switch shows the high actuation voltage 20 V at 3 um air 
gap and low at 1 um air gap. Meander wing beam switch requires the low actuation voltage, 5 V, 10 V, and 16V, 
compare to the straight wing beam switch but worse than the butterfly structured beam switch. Capacitance ratio 
(Cdown/Cup) of butterfly structured beam switch witch AlN dielectric was maximum of 125:1 at 3 um air gap. 
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Figure 6: Graph between actuation voltage Vs beam displacement 
 
(B) Electromagnetic Analysis  
RF characteristics of designed novel butterfly structured beam capacitive RF MEMS switch were extracted by 
full wave electromagnetic simulator, Ansoft HFSS. In communication systems RF parameters, such as insertion 
loss, isolation loss and return loss are essential and constant performance over broad range of frequencies. When 
switch is in zero bias condition i.e. up state there is no interruption of power transmission means that switch acts like 
ON state. depicted the insertion loss of ON switch at various air gap height with AlN dielectric layer over  frequency 
range of 5 GHz-100 GHz. shows that excellent insertion loss of switch is 0.6 dB over frequency  range of 5GHz-47 
GHz. . Fig.(6) depicted the return loss of ON switch at various air gap height with AlN  dielectric layer over 
frequency range of 5 GHz-100 GHz. Fig.(6) shows that good return loss of switch is greater than 17 dB over 
frequency range of 5GHz-58 GHz. When switch is in under the actuation voltage, top electrode collapsed on 
dielectric layer above the CPW central conductor, this largely increasing the beam capacitance, resulting short 
circuited t-line signal to ground, thus there is signal reflections. Isolation loss of switch, shown in fig.(7)  
investigated with dielectric layers, such as SiO2, Si3N4, and AlN over frequency range 5-100 GHz. Inference from 
fig.(7), isolation loss of greater than 20 dB of switch witch AlN dielectric and  improved the isolation loss of 7 dB at 
lower end (5 GHz) by usage of AlN dielectric layer compare with SiO2 dielectric. At different thickness of AlN 
dielectric (0.1, 0.2, and 0.3 um), isolation loss was investigated over frequency 5 GHz-100 GHz, at 0.2 um thickness 
switch has excellent isolation loss over broad range than others. 
 
 
Figure 7: Insertion loss of butterfly structured beam capacitive RF MEMS shunt switch. 
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Figure 8: Insertion loss of butterfly structured beam capacitive RF MEMS shunt switch. 
 
 
Figure 9: Isolation loss of butterfly structured beam capacitive RF MEMS shunt switch witch dielectric 
layers, SiO2, Si3N4, and AlN. 
 
 
Figure 10: Isolation loss of butterfly structured beam capacitive RF MEMS shunt switch with different AlN 
dielectric height. 
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Table (3): Comparison of proposed switch results with previous published results.  
 
- F.Balanos , 2009 [4] Monserral,2012[5] Proposed switch 
Model   
      
Beam Au/Ni/Au Au/Ni/Au Au 
Dielectric AlN (εr=9.8) AlN (εr=9.8) AlN (εr=9.5) 
Air gap 2-2.5 um 2.3 um 1-3 um 
Capacitance Ratio 38 >40 44@1 um,85@2 um, 
125@3 um 
Actuation voltage 12 V 23.6 V 5 V@ 1 um, 7 V@ 2 
um, 11 V@ 3 um 
Insertion loss 0.2 @ 40GHz 0.68 @ 40 GHz 0.5 dB @ 40GHz 
Isolation loss 38.5 dB @ 40 GHz 33.57 dB @ 40 GHz 55 dB @ 35GHz @ 2 
um 
Return loss - 15 dB @ 40GHz 35 dB @ 45 GHz 
 
V. CONCLUSION 
Capacitive RF MEMS shunt switches with different fixed-fixed beam structures, such as straight wing    
beam, meander wing beam, and butterfly beam and dielectric layers (SiO2, Si3N4, and AlN) ware analyzed and   
compared. The design was optimized in terms of actuation mechanism and RF performance. The electromechanical   
analysis found that actuation voltage tailored by varying fixed-fixed beam structures and air gap height and 
electromagnetic analysis found that RF performance improved the lower end of operating frequency and having 
broad operating range. These switches are suitable reconfigurable antennas, tuneable filters, and etc.  
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